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The reversible formation of a glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)-CP12-phos-
phoribulokinase (PRK) supramolecular complex,
identified in oxygenic photosynthetic organisms,
provides light-dependent Calvin cycle regulation in
a coordinated manner. An intrinsically disordered
protein (IDP) CP12 acts as a linker to sequentially
bind GAPDH and PRK to downregulate both
enzymes. Here, we report the crystal structures of
the ternary GAPDH-CP12-NAD and binary GAPDH-
NAD complexes from Synechococcus elongates.
The GAPDH-CP12 complex structure reveals that
the oxidized CP12 becomes partially structured
upon GAPDH binding. The C-terminus of CP12 is
inserted into the active-site region of GAPDH, result-
ing in competitive inhibition of GAPDH. This study
also provides insight into how the GAPDH-CP12
complex is dissociated by a high NADP(H)/NAD(H)
ratio. An unexpected increase in negative charge
potential that emerged upon CP12 binding highlights
the biological function of CP12 in the sequential
assembly of the supramolecular complex.
INTRODUCTION
The photosynthetic carbon fixation (Calvin) cycle is finely
modulated in response to light in a coordinated manner. Such
coordination is partially achieved by the reversible assembly of
multiproteins comprising glyceraldehyde-3-phosphate dehydro-
genase (GAPDH, EC 1.2.1.12), CP12, and phosphoribulokinase
(PRK, EC 2.7.1.19) (Graciet et al., 2003b; Howard et al., 2008;
Marri et al., 2008; Scheibe et al., 2002; Tamoi et al., 2005; Trost
et al., 2006; Wedel and Soll, 1998; Wedel et al., 1997). Both
GAPDH and PRK are key enzymes of the Calvin cycle, and
CP12, 80 amino acids in length, acting as a linker, first binds
GAPDH to form the GAPDH-CP12 complex, which then binds
PRK to form a supramolecular complex. GAPDH and PRK activ-
ities are inhibited when embedded in the complex in vivo and1846 Structure 19, 1846–1854, December 7, 2011 ª2011 Elsevier Ltdin vitro (Graciet et al., 2003b; Howard et al., 2008; Marri et al.,
2008; Scheibe et al., 2002; Tamoi et al., 2005; Trost et al.,
2006; Wedel and Soll, 1998; Wedel et al., 1997). Previous muta-
genesis studies determined that the C-terminal region of CP12
binds GAPDH and that the N-terminal region of CP12 binds
PRK (Tamoi et al., 2005; Wedel and Soll, 1998; Wedel et al.,
1997). In most cases, the complex formation was promoted by
NAD(H) and by oxidizing conditions in the dark, whereas the
complex is dissociated to reactivate the enzymes released by
NADP(H) and reducing conditions triggered by light (Graciet
et al., 2003b; Scheibe et al., 2002; Tamoi et al., 2005; Wedel
and Soll, 1998; Wedel et al., 1997). The GAPDH-CP12-PRK
complex has now been identified in most oxygenic photosyn-
thetic organisms including higher plants (Marri et al., 2005;
Wedel et al., 1997), green algae (Wedel and Soll, 1998), cyano-
bacteria (Tamoi et al., 2005; Wedel and Soll, 1998), and diatom
(Boggetto et al., 2007; Erales et al., 2008).
In Chlamydomonas reinhardtii and Arabidopsis thaliana, CP12
shares some physicochemical characteristics with IDPs (Dyson
and Wright, 2002; Graciet et al., 2003b; Tompa, 2002; Wright
and Dyson, 1999) that lack specific three-dimensional structure
in the absence of their biological targets. IDPs are generally
involved in key cellular regulations through binding to multiple
targets (Tompa, 2002; Uversky et al., 2005). Their interactions
with their targets involve coupled folding and binding events,
which is presumed to be accompanied by a decrease in confor-
mational entropy (Dyson andWright, 2005). Such intrinsic lack of
structure enables precise control over the binding process, such
as the sequential incorporation of targets (Namba, 2001). The
CP12 assembly process is also presumed to involve coupled
folding and binding, thereby allowing the sequential incorpora-
tion of GAPDH and PRK, although the underlying mechanism
remains elusive.
We previously reported that the growth of CP12-disrupted
cyanobacterial cells was significantly more inhibited than that
of wild-type cells under a light/dark cycle (12h/12h) (Tamoi
et al., 2005). Howard et al. demonstrated that both association
and dissociation of GAPDH-CP12-PRK in pea leaves occurs
rapidly (in a time frame of minutes), triggered by light and dark
(Howard et al., 2008). They further demonstrated that the extent
of the complex formation depends on light availability and corre-
lates with photosynthesis. The NADP(H)/NAD(H) ratio (HeinekeAll rights reserved
Table 1. Data Collection and Refinement Statistics
Data Set
GAPDH-CP12-
NAD(Cu2+-
Bound)
GAPDH-CP12-
NAD(Cu2+-Free)
GAPDH-
NAD
X-ray source
(SPring-8)
BL41XU BL44XU BL44XU
Space group C2221 P212121 C2
Unit cell parameters
a (A˚) 70.0 70.0 150.9
b (A˚) 161.6 146.9 79.8
c (A˚) 146.9 161.8 206.8
b () 101.7
Wavelength (A˚) 1.0000 0.9000 0.9
Resolution range (A˚) 50–2.2 50–3.3 50–2.4
(2.28–2.20) (3.36–3.30) (2.49–2.40)
Total reflections 834288 1975915 1345396
Unique reflections 42240 22942 94315
Completeness (%) 99.8 (99.7) 89.0 (85.2) 99.8 (100.0)
Rmerge 10.5 (43.5) 14.7 (37.6) 4.7 (36.7)
I/s 18.7 (3.3) 5.1 (1.0) 31.7 (4.6)
Refinement
Resolution 50–2.2 30–3.3 50–2.4
Rwork/Rfree 22.9/27.6 25.2/36.3 21.3/26.9
No. atoms
Protein 5547 11094 15534
Ligand/ion 88/2 176/0 324/0
Water 221 7 388
B-factors
Protein 33.9 30.7 52.2
Ligand/ion 22.5/68.4 28.3 59.7
Water 33.0 11.8 45.4
Rmsd
Bond length (A˚) 0.007 0.011 0.009
Bond angles () 1.30 1.57 1.23
Values in parentheses are for the highest-resolution shells. Rmerge(I) =
SjI (k)  hIij/SI(k), where I(k) is the value of the kth measurement of the
intensity of a reflection, hIi is the mean value of the intensity of that reflec-
tion and the summation is over all measurements.
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Crystal Structure of GAPDH in Complex with CP12et al., 1991; Tamoi et al., 2005) and redox potential (Buchanan,
1980; Buchanan and Balmer, 2005) in chloroloplast stroma are
tightly coupled to light availability. Photosynthetic organisms
survive under a changing global environment, exhibiting higher
fitness by exploiting their adaptation (Ku¨lheim et al., 2002). The
CP12-dependent mechanismmay contribute to such adaptation
by providing the rapid regulation of GAPDH and PRK activities in
response to fluctuations in light availability.
A mechanistic description of CP12-dependent regulation is
lacking due to the limited availability of high-resolution struc-
tures of the GAPDH-CP12-PRK complex components. Here,
we report the crystal structures of the GAPDH-CP12-NAD
ternary and GAPDH-NAD binary complexes from Synechococ-
cus elongatus. The GAPDH-CP12 complex structure indicates
that the oxidized CP12 is partially structured within the grooveStructure 19, 1846–18of GAPDH. This structure explains how CP12 binding downre-
gulates the activity of GAPDH, and how the GAPDH-CP12
complex is dissociated by a high NADP(H)/NAD(H) ratio. A
dramatic increase in negative charge potential on its molecular
surface upon CP12 binding sheds light on the biological func-
tion of the intrinsically disordered protein CP12 and the basis
of its sequential incorporation to form the supramolecular
complex.
RESULTS
Structure of the GAPDH-CP12 Complex
We crystallized the GAPDH-CP12-nicotinamide adenine dinu-
cleotide (NAD) ternary complex from Synechococcus elongatus
in both the absence and presence of copper, because previous
mass spectrometry studies raised the possibility that copper
could be bound to CP12 (Delobel et al., 2005; Erales et al.,
2009b). The crystallographic models were refined to a resolution
of 3.3 A˚ for the copper-free form, and to 2.2 A˚ for the copper-
bound form (Table 1). The asymmetric unit (ASU) of the
copper-free crystal contains four protomers each of GAPDH
and CP12, which corresponds to a GAPDH(4)CP12(4) heterooc-
tamer related by a noncrystallographic 222 symmetry with rmsds
of 0.71–0.76 A˚ for the Ca atoms of the structured regions. (Fig-
ure 1A). The ASU of the copper-bound crystal contains two
protomers each of GAPDH and CP12, which are roughly related
by a noncrystallographic two-fold axis with rmsds of 0.40 A˚ for
the Ca atoms of the structured regions. A GAPDH(4)CP12(4)
heterooctamer is formed by the two protomers each of GAPDH
and CP12 in the ASU and two additional protomers each
generated by crystallographic two-fold symmetry (Figure 1A).
In both crystals, a protomer of GAPDH accommodates one
NAD, presumably oxidized, at the active site, and all residues
(1–338) of GAPDH and the C-terminal region (Ala51–Asp75) of
CP12 were visible in the electron density. The backbone struc-
tures of the GAPDH-CP12 complex in copper-free and copper-
bound forms are basically the same (rmsd of 0.60 A˚ over 1446
Ca atoms).
Unexpectedly, we found copper near the active site of GAPDH
in the copper-bound form, based on anomalous-difference
Fourier analysis (Figure 1B), whereas a water molecule appeared
to be located in the corresponding position in the copper-free
crystal structure. The copper interacts with Cys155 (GAPDH),
Thr156 (GAPDH), His182 (GAPDH), and Asp75 (CP12) (Fig-
ure 1B), suggesting that copper mediates the intermolecular
interaction between CP12 and GAPDH and likely stabilizes the
GAPDH-CP12 complex in vitro, even though the physiological
role of copper is unknown.
Structure of the CP12 within the Complex
In the GAPDH-CP12 complex, the N-terminal region (Arg1–
Lys52) of CP12 is not visible in the electron density map,
although we cocrystallized the full-length CP12. Mass spectros-
copy of dissolved crystals confirmed that only the full-length
CP12 is contained in the crystals (H.M. and A.K., unpublished
observation); therefore, the N-terminal region is largely disor-
dered in the crystal. The C-terminal region (Thr53–Asp75) is
visible in electron density (Figure 2A), and the C-terminus is
inserted into the active-site region of GAPDH, where it intimately54, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1847
Figure 1. Structure of the GAPDH-CP12 Com-
plexes
(A) Tetrameric GAPDH (yellow and orange) and CP12
(magenta). Cu2+ atoms are presented by CPK models
(green) and the NAD molecules are presented in a stick
model. The rear subunits, generated by a crystallographic
two-fold axis, are semi-transparent for clarity.
(B) C-terminal region of CP12 and the Cu2+ binding site.
The substrate D-glyceraldehyde 3-phosphate (G3P) from
the GAPDH-NAD-G3P complex (PDB id 1NQO) is pre-
sented by semitransparent CPK models. The anomalous-
difference Fourier map (gray) is contoured at 3.0s,
indicating the position of the Cu atom localized to the
active site. Substrate is labeled ‘‘G3P.’’
(C) CP12 and NAD (NADP) binding site. NADP and the side
chain of R189 in GAPDH-NAD binary complex are semi-
transparent. The 20-oxygen of NAD is labeled ‘‘20O,’’ and
the 20-phosphate group of NADP is labeled ‘‘PO4.’’
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Crystal Structure of GAPDH in Complex with CP12interacts with two protomers of GAPDH (Figure 3A). This obser-
vation is consistent with previous mutagenesis studies demon-
strating that the C-terminal region of CP12 is responsible for
binding to GAPDH (Pohlmeyer et al., 1996; Wedel et al., 1997).
The bound CP12 is composed mainly of coil segments except
for one a-helix (Phe57–Glu63). This observation seems inconsis-
tent with a previous modeling study suggesting that CP12
contains two a helices located in the N-terminal and central
parts, whereas the C-terminal part remains flexible (Gardebien
et al., 2006). This structure leads us to speculate that GAPDH
binding may cause an induced fit of the C-terminal region of
CP12 to form the a-helix (Phe57–Glu63).
Two conserved cysteines (Cys61 and Cys70) in the CP12
sequence form a disulfide bridge (Figure 2B). It has been
proposed that Chlamydomonas CP12 binds to GAPDH through
its C-terminal intramolecular peptide loop via disulfide bonds
between the conserved cysteines (Cys61 and Cys70) (Graciet
et al., 2003b; Wedel and Soll, 1998). The side chain of Asp66 in
its C-terminal intramolecular loop forms an ion pair with the
side chain of Arg80 (GAPDH) (Figure 3A), supporting the argu-
ment that interaction with GAPDH occurs at the C-terminal intra-
molecular loop of CP12. Mutagenesis work has suggested that
the cysteine-to-serine substitution in the C-terminal disulfide1848 Structure 19, 1846–1854, December 7, 2011 ª2011 Elsevier Ltd All rights reservebridge of CP12 (at position 61) prevents the
formation of the GAPDH-CP12 complex
(Graciet et al., 2003b; Lebreton et al., 2006;
Tamoi et al., 2005). Consistent with these data,
the C-terminal disulfide bridge is likely to be
crucial for maintaining the binding conformation
of CP12 (Figure 2B).
Interaction between CP12 and GAPDH
The CP12 interactions are shared by the two
protomers of GAPDH, where CP12 interacts
mainly with a highly conserved loop (Arg183–
Arg197; S-loop), a loop (Asn36–Asp39) of the
neighboring protomer, and the substrate-
binding residues of GAPDH (Figures 3A and
3B). For the S-loop, the side chain of Asp187
hydrogen-bonds to the backbone amide groupof Tyr73 (CP12), and His195 (GAPDH) and Arg196 (GAPDH)
hydrogen-bond to the backbone carbonyl groups of Leu71
(CP12) and Cys70 (CP12). In addition, His182 (GAPDH),
Arg189 (GAPDH), and Ser194 (GAPDH) make direct van der
Waals contacts with bound CP12. For the loop (Asn36–Asp39),
Thr37 (GAPDH) hydrogen-bonds with Glu69 (CP12), and Ser38
and Asp39 make van der Waals contacts. These interactions
induce slight conformational changes in the S-loop and the
loop (Asn36–Asp39) (Figure 3B) The substrate-binding residues
(Thr156, Thr185, Arg200, and Thr213) of GAPDH form an exten-
sive hydrogen-bond network with the C-terminal loop (residues
73–75) of CP12 (Figure 3A).
The interactions between NAD and CP12 are mediated mainly
by Tyr73 (CP12) (Figures 1B and 3A). Specifically, the side chain
of Tyr73 (CP12) interacts with the phosphate group of NAD and is
involved in hydrophobic interactions with the ribose group of
NAD. Since Tyr73 is absolutely conserved in all CP12 of the
oxygenic photosynthetic organisms (Figure 2B), the residue
plays a key role in GAPDH-CP12 complex formation in the pres-
ence of NAD.
The side chain of Glu69 (CP12) protrudes adjacent to the
ribose moiety of NAD to provide extensive intermolecular inter-
actions between GAPDH and CP12 (Figure 1C). This absolutelyd
Figure 2. Structures of PRK in Active and Inactive States
(A) Stereo views of the omit Fo-Fc electron density map contoured at 3s is
superimposed onto the CP12 model. The residues are labeled, as we describe
in the text.
(B) Multiple sequence alignments of CP12 from cyanobacteria (Q6BBK3_
SYNE7), green algae (A8IZ71_CHLRE), red algae (Q2PC90_GALSU), higher
plants (A. thaliana, Q9C9K2_ARATH; spinach, Q24360_SPIOL; and maize,
Q08060_MAIZE), and C-terminal extension of GAPB isoform from higher
plants (maize, B4F8L7_MAIZE; spinach, GAPB_SPIOL; and pea, GAPB_PEA),
together with the secondary structure of CP12 within the GAPDH-CP12
complex. Spinach numbering is shown at the bottom. The figure was gener-
ated by ESPRIPT (Gouet et al., 1999).
Figure 3. Interactions of CP12
(A) Detailed description of the interactions between CP12 and GAPDH in
complex with NAD. CP12 residues are labeled in blue and GAPDH residues in
black. The residues in the neighboring protomer of GAPDH are labeled with
a prime symbol (0 ).
(B) Induced fit of GAPDH upon CP12 binding. The residues and loops involved
in the induced fit for CP12-free GAPDH (PDB id 2D2I) and white for GAPDH-
CP12 complex. The arrow indicates the S-loop, and residues in the neigh-
boring protomer are labeled with a prime symbol (0).
Structure
Crystal Structure of GAPDH in Complex with CP12conserved Glu69 (CP12) interacts with Thr37 (GAPDH) and
Arg189 (GAPDH); the latter interaction involves an induced-fit re-
arrangement (Figure 1C). Moreover, Glu69 (CP12) forms
a hydrogen bond with Tyr60 (CP12); thus, Glu69 relies on both
intermolecular and intramolecular interactions. The side chain
of Glu69 (CP12) also contacts (4.0 A˚ apart) the 20-hydroxyl group
of the ribose moiety of NAD. This observation provides a clue as
to how NADP(H) leads the dissociation of the GAPDH-CP12
complex, as we discuss later.
Extensive Negative Charge Potential emerged upon
CP12 binding
An extensive and strong negative charge potential (approxi-
mately 353 35 A˚) emerges upon CP12 binding on the molecular
surface of the GAPDH-CP12 complex (Figure 4A). This area is
formed by five acidic residues (Asp54, Asp59, Glu63, Asp66,
and Glu69) of CP12, whereas CP12-free GAPDH features a
groove in a positive surface electrostatic potential because of
the presence of Arg80 (GAPDH), Arg189 (GAPDH), and Arg196
(GAPDH) (Figure 4B). Intriguingly, most of the acidic residues
laying the structured C-terminal region of CP12 are exposed to
the solvent, and these residues are roughly conserved in CP12
sequences (Figure 2B). The dramatic increase in negative chargeStructure 19, 1846–1854, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1849
Figure 4. Electrostatic Potential
Electrostatic potential mapped onto the surface of (A) CP12-bound and (B) CP12-free GAPDH, projected from the top of Figures 1A and 1C. Surface colors
indicate positive and negative electrostatic potential contoured from 15 kT/e (blue, most positive) to 15 kT/e (red, most negative).
Structure
Crystal Structure of GAPDH in Complex with CP12potential probably plays an important role in the subsequent
assembly process, as we discuss later.
Structural Comparison with CP12-free GAPDH
To compare the structures of GAPDH bound with and without
CP12, we also determined the crystal structure of GAPDH in
complex with NAD to a resolution of 2.4 A˚ (Table 1). No signifi-
cant differences in backbone are detected between GAPDH
within theGAPDH-CP12 complex andCP12-freeGAPDH (rmsds
of 0.83 A˚ for 1,352 Ca atoms of the structured regions), except
for a few loopswhich interact with CP12. However, CP12 binding
significantly influences the crystallographic temperature factors
of the S-loop and the loop (Asn36–Asp39), both of which interact
with CP12. In CP12-free GAPDH, the S-loop and the loop
(Asn36–Asp39) have average Ca temperature factors of 62.8
and 63.5 A˚2, which are higher than the overall average tempera-
ture factor of 52.2 A˚2. In the GADPH-CP12 complex, these
mobile regions in the GAPDH represent the well-ordered region
with lower temperature factors (average Ca temperature factors
of 18.9 and 25.5 A˚2 for the S-loop and the loop (Asn36–Asp39)),
which is lower than the overall average temperature factor of
33.9 A˚2. Thus, CP12 binding leads to a loss of flexibility; however,
in the absence of CP12, the structure adopts a more flexible
conformation. These features in part agree with a previous study
that proposed CP12 as a specific chaperone-like protein for
GAPDH (Erales et al., 2009a) that prevents aggregation and
inactivation.
Structural Comparison with C-terminal Extension
of A2B2 GAPDH
The C-terminal region of CP12 shares high sequence homology
with the C-terminal extension (CTE) of the heterotetrameric form
of A2B2 GAPDH (Fermani et al., 2007) (Figure 2B), which is an
isoform of GAPDH containing A and B subunits in stoichiometric
ratio. The CTE is also involved in the self-assembly and downre-1850 Structure 19, 1846–1854, December 7, 2011 ª2011 Elsevier Ltdgulation of GAPDH, as reported previously (Fermani et al., 2007).
We thus speculated that CTE resembles the C-terminal region of
CP12 in both primary structure and function. However, structural
comparison of the C-terminal region of CP12 with the CTE of
spinach A2B2 GAPDH (PDB id 2PKQ) indicates a significant
difference in conformation (Figure 5). The C terminus of CP12
is inserted into the active-site region of GAPDH to form extensive
interactions with GAPDH, whereas the CTE exhibits relatively
weak interactions with GAPDH. Although the structures of both
CP12 and CTE represent a disulfide bridge (Cys61 and Cys70
for CP12, and Cys349 and Cys358 for CTE) and conserved
tyrosines (Tyr73 for CP12, and Tyr361 for CTE), they differ in
conformation and localization (Figure 5).
DISCUSSION
Inhibition Mechanism upon CP12 Binding
As indicated above, the C terminus of CP12 is inserted into the
active-site region of GAPDH. The C-terminal region of CP12
forms extensive interactions with several substrate-binding
residues. As expected, superimposition of the GAPDH-CP12
complex and the GAPDH in complex with a substrate (D-glycer-
aldehyde 3-phosphate) indicates that the C-terminal region of
CP12 overlaps the substrate binding site (PDB id 1NQO) (Didier-
jean et al., 2003) (Figure 1B). Thus, the C-terminal region of
CP12 completely covers the substrate binding site of GAPDH.
This feature suggests that CP12 binding competitively blocks
substrate binding, thereby strongly inhibiting the enzymatic
activity of GAPDH (Graciet et al., 2003a).
GAPDH-CP12 Complex is Dissociated by NADP(H)
GAPDH-CP12 complex formation is promoted by NAD(H),
whereas NADP(H) leads to dissociation of the complex. This
metabolite-dependent association and dissociation must play
a physiological role, because the NADP(H)/NAD(H) ratio inAll rights reserved
Figure 5. Structural Comparison with A2B2 GAPDH
Structural superimposition of the CP12 (semitransparent magenta) within the
GAPDH-CP12 complex and the C-terminal extension (green) of A2B2 GAPDH
(PDB id 2PKQ) (Fermani et al., 2007). The two conserved cysteines (Cys349
and Cys358), which form a disulfide bridge in A2B2-GAPDH, and the sulfate at
the active site of A2B2-GADPDH are represented with stick models.
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Crystal Structure of GAPDH in Complex with CP12chloroplast stroma and cyanobacterial cells becomes lower
(higher) in the dark (light) (Heineke et al., 1991; Tamoi et al.,
2005). As the chemical difference between NADP(H) and
NAD(H) is given by the specific 20-phosphate group of NADP(H),
a question arises as to how the subtle displacement of a hydroxyl
group with a phosphate group triggers the dissociation.
Since the binding mode of NAD is indistinguishable from
that of the NADP complex (PDB id 2D2I) (Kitatani et al., 2006),
except for the 20-phosphate group, we could appropriately
model NADP in the active site of GAPDH (Figure 1C). In the
model, the 20-phosphate group of NADP(H) ribose causes
electrostatic and steric repulsions with Glu69 (CP12), which
apparently plays a crucial role in maintaining the GAPDH-CP12
complex. Thus, the structure clearly illustrates how NADP(H)
leads to dissociation of the GAPDH-CP12 complex to regulate
GAPDH activity in response to light availability (Graciet et al.,
2003b; Tamoi et al., 2005; Wedel and Soll, 1998; Wedel et al.,
1997).
The Disulfide Bond and the C-terminal End of CP12
The C-terminal end (residues 73–75) of CP12 forms an extensive
hydrogen-bond network with GAPDH, whereas the region
comprised of residues 54–65 forms weak interactions with
GAPDH (Figure 3). This structural feature implies that the
GAPDH-CP12 complex may still be maintained even under
reducing conditions, in which the disulfide bridge (Cys61 and
Cys70) yields free cysteines, because the strong interactions of
the C-terminal end of CP12 are perhaps not influenced by the
reduction. This idea is supported by biochemical evidence thatStructure 19, 1846–18reduced CP12 in some species, such as Chlamydomonas
reinhardtii, can interact with GAPDH (Erales et al., 2009a).
Thus, our data provide a possible explanation of why DTT might
be not enough to disrupt the interaction between GAPDH and
CP12. Our data also fit well with a recent biochemical study
suggesting that the penultimate Asp residue on CP12 (D80)
interacts with GAPDH (Erales et al., 2011), as the C terminus of
CP12 is located in the active-site region of GAPDH.
Structural Difference between CP12 and CTE
Based on the strong sequence similarity of CP12 proteins (Fig-
ure 2B), it seems likely that the mechanism of regulation via
CP12 is highly conserved from cyanobacteria to higher plants.
This idea is supported by biochemical evidence of common
association-dissociation behavior of the GAPDH-CP12 complex
(Graciet et al., 2003b; Howard et al., 2008; Marri et al., 2008;
Scheibe et al., 2002; Tamoi et al., 2005; Trost et al., 2006; Wedel
and Soll, 1998; Wedel et al., 1997) and by our structural observa-
tions that most key intermolecular interactions between GAPDH
and CP12 are mediated by highly conserved residues in both
GAPDH and CP12. The C-terminal region of CP12 also shares
high sequence homology with the CTE of the heterotetrameric
form of A2B2 GAPDH (Fermani et al., 2007) (Figure 2B). It could
be postulated that CTE resembles the C-terminal region of CP12
in both primary structure and function, but structural comparison
of the C-terminal region of CP12 and CTE of spinach A2B2
GAPDH reveals a significant difference in conformation (Fig-
ure 5). We suggest that this observation is due to differences in
the bound ligands. In the structure of spinach A2B2 GAPDH,
a sulfate molecule used as a precipitant occupies the active
site, which overlaps the substrate binding site as well as the
C-terminal region of CP12 in our structure. The NADP molecule
is also bound in the crystal structure of A2B2 GAPDH, distinct
from our NAD-bound structure.
Implications for the Role of the Extensive Negative
Charge Potential
The surface of the GAPDH-CP12 complex has a strong negative
charge potential on and around CP12. The binding of CP12
has a large impact on the potential even in the distantly
positioned portions of GAPDH (Figure 4A), although GAPDH
is nearly identical in conformation in the CP12-bound and
unbound states. We suggest that this change in the electrostatic
potential properties leads the subsequent protein-protein inter-
actions between GAPDH-CP12 complex and PRK, which are
at least partly mediated by electrostatic attraction via the acidic
residues of GAPDH-CP12 complex and the basic residues of
PRK. This assumption is in part supported by a mutagenesis
study ofChlamydomonas reinhardtiiPRK indicating that replace-
ment of Arg64 weakened the complex formation (Avilan et al.,
1997).
CP12 has little affinity for PRK, and the affinity of GAPDH
for PRK is also poor in the absence of CP12 (Graciet et al.,
2003b; Marri et al., 2005; Scheibe et al., 2002), whereas the
GAPDH-CP12 complex strongly binds PRK (Kd = 60 nM in
Chlamydomonas) (Graciet et al., 2003b). Our structural analysis
indicates that GAPDH in the CP12-bound and unbound states
is nearly identical in conformation. These features suggest
that the formation of GAPDH-CP12 complex involves coupled54, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1851
Figure 6. Assembly Model of the GAPDH-CP12-PRK Complex
(A) GAPDH (orange) and CP12 (magenta) are schematically drawn. GAPDH-CP12 complex formation generates a partially structured CP12 to expose the
negative charge potential (indicated as ) on the surface of the GAPDH-CP12 complex. Unstructured regions are denoted as dotted lines.
(B) Binding model of the GAPDH-CP12-PRK complex. The negative charge potential on the surface of the GAPDH-CP12 complex is presumed to recruit the PRK
through electrostatic interactions, so that the unstructured regions of both CP12 (denoted as dotted lines) is expected to be further structured.
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Crystal Structure of GAPDH in Complex with CP12folding and binding of CP12, which is typical of a protein having
some IDP features.
Figure 6A summarizes the assembly model of the GAPDH-
CP12 complex. In the GAPDH-CP12 binding model, an oxidizing
condition and a high NAD(H)/NADP(H) ratio, which usually
occurs in the dark, trigger the formation of the GAPDH-CP12
complex so that CP12 is partially folded, as we observe in
the structure of the GAPDH-CP12 complex (Figure 1A). The
partially folded CP12 within the GAPDH-CP12 complex gener-
ates the extensive negative charge potential on its molecular
surface (Figure 4A), which may recruit PRK by electrostatic
forces (Figure 6B). The final assembly is presumed to lead
a further disorder-to-order transition of the N-terminal region of
CP12, which has been reported to be responsible for PRK
binding (Pohlmeyer et al., 1996; Wedel et al., 1997). Thus, our
study raises an intriguing possibility that provides insight into
how CP12 downregulates GAPDH and how the complex is
dissociated by a high NADP(H)/NAD(H) ratio; it also sheds light
on the role of IDPs in the sequential assembly of a multiprotein
complex.
EXPERIMENTAL PROCEDURES
Protein Purification and Crystallization of GAPDH and CP12
GAPDH (residues 1–338) and CP12 (residues 1–75) from Synechococcus
elongatus PCC7942 were prepared by the method described previously
(Tamoi et al., 1996, 2005). MALDI-TOF MS of the purified GAPDH peaked at
36,830 Da (calculated 36,859 Da), and that of CP12 peaked at 8,427 Da
(8,453 Da). For the crystallization trials, purified GAPDH was mixed at a ratio
of 1:1.2 with purified CP12 to a final concentration of 3.5 mg ml1 of GAPDH
and 1.0 mg ml1 of CP12 and incubated with 0.5 mM NADH at 4C for
10 min. Next, 1.5 ml of the protein solution containing 50 mM HEPES-KOH,
pH 7.5, 0.5 mM NADH, 30 mM NaCl, 0 or 0.05 mM CuSO4, and 1.5 ml of reser-
voir solution were mixed and hung over 500 ml of reservoir solution containing
20% (v/v) PEG3350 and 0.2 M magnesium acetate. To improve the diffraction
quality of the crystals, the solution was stirred during crystallization (details will
be described elsewhere). For the crystallization trials of the GAPDH-NAD
binary complex, 1.5 ml of purified GAPDH solution containing 50 mM
HEPES-KOH, pH 7.5, 5 mM NADH, 30 mM NaCl, and 1.5 ml of reservoir solu-
tion were mixed and hung over 500 ml of reservoir solution containing 40%1852 Structure 19, 1846–1854, December 7, 2011 ª2011 Elsevier Ltdsaturated ammonium sulfate, 0.1M citrate buffer, pH 5.2, and 0.2Mpotassium
sodium tartrate.Data Collection and Structure Determination
The crystals were soaked in reservoir solution plus 25% glycerol as a cryosol-
vent, followed by flash-freezing in liquid nitrogen. All X-ray diffraction data
were collected at 100 K using beamlines BL41XU and BL44XU at the
SPring-8, Harima, Japan. All diffraction data were processed and scaled
with the HKL-2000 program package (Otwinowski, 1993). The data collection
statistics are summarized in Table 1. The structures of copper-bound GAPDH-
CP12-NAD ternary complexes were solved by molecular replacement using
the structure of GAPDH-NADP binary complex (PDB id 2D2I) using the
program MOLREP (Vagin and Teplyakov, 1997). The electron-density map
clearly indicated density for the C-terminal domain of CP12. The positions of
the Cu atoms were confirmed using an anomalous difference Fourier map,
where Cu still has 2.3 anomalous electrons at 1.0 A˚. The structures of
copper-free GAPDH-CP12-NAD ternary complexes were solved by molecular
replacement using the structure of GAPDH-CP12-NAD ternary complex with
the program MOLREP (Vagin and Teplyakov, 1997), and we confirmed that
there was no electron density at the copper-binding site. The structure of
GAPDH-NAD binary complex was solved by molecular replacement using
the structure of the copper-bound GAPDH-CP12-NAD complex. Subsequent
manual model building was carried out using COOT (Emsley and Cowtan,
2004), and the crystallographic models were refined using the program CNS
(Adams et al., 1997) and PHENIX (Adams et al., 2010). The crystallographic
models were refined to a resolution of 3.3 A˚ for the copper-free GAPDH-
CP12-NAD ternary complexes, to 2.2 A˚ for the copper-bound GAPDH-
CP12-NAD ternary complexes, and to 2.4 A˚ for the GAPDH- NAD binary
complexes (Table 1). PROCHECK (Laskowski et al., 1993) indicated that
more than 85% of the residues of all models are in the most favored regions
of the Ramachandran plot. Interactions betweenGAPDH andCP12 (Figure 3A)
were calculated using LIGPLOT (Wallace et al., 1995). Figures were drawn
with MOLSCRIPT (Kraulis, 1991) and RASTER3D (Merritt and Murphy,
1994), and electrostatic surface potentials were calculated using GRASP
(Nicholls et al., 1991).ACCESSION NUMBERS
Coordinates and structure factors for the structures reported here are available
from the Protein Data Bank with accession codes of 3B1J (GAPDH-CP12-
NAD, Cu2+-bound form), 3B1K (GAPDH-CP12-NAD, Cu2+-free form), and
3B20 (GAPDH-NAD). The UniProt Knowledgebase accession numbers forAll rights reserved
Structure
Crystal Structure of GAPDH in Complex with CP12the GAPDH and CP12 sequences reported in this paper are Q9R6W2 and
Q6BBK3, respectively.
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